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Abstract 
    Cyclic nanoindentation loading is a localized fatigue test providing very useful informations on dynamic damage phenomena 
of nanostructured materials. The main goal of the present paper is to examine ultra-fine and nanocrystalline metals fatigue 
through cyclic nanoindentation experiments. In the present study berkovitch indentations were performed in order to evaluate 
monotonic indentation stress–strain curves and cyclic indentation stress–number of cycles diagrams. Multi-step indentation 
allows for a rapid evaluation of variation of mechanical properties with increasing depth and in combination with single-step 
indentation response, is indicative of deformation induced structural changes in the material. In addition, it is put in evidence the 
depth propagation behavior under cyclic loading simulating a fatigue crack propagation. Such technique is very attractive for the 
evaluation of fracture toughness.    
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1. Introduction 
The strength of metals and alloys is strongly influenced by grain size [1,2] with materials in the nanocrystalline 
regime characterized by superior yield and fracture strength, improved wear resistance and superplasticity observed 
at relatively low temperatures and high strain rates as compared with their microcrystalline counterparts [3-6]. This 
has led to increased attention towards charactering their mechanical properties and deformation mechanism, these 
work summarized in recent review articles [1,7]. The current attention to the potential industrial application of 
nanopolycrystals leads to the necessity of deep investigations of their mechanical properties both in static and 
dynamic conditions. In fact, microstructures resulting in high long-life fatigue resistance will generally yield lower 
thresholds for fatigue crack growth especially in ultra-fine and nanocrystalline regimes [8].   
Advanced nanoindentation techniques are widely used to test last generation materials. Conventionally 
instrumented nanoindentation equipments provide load-depth curves for a monotonically increasing load leading to 
the precise determination of different properties. Through nanoindentation experiments it is possible to calculate 
mechanical properties such as yield strength, hardness, hardening behavior, wear characteristics. The usefulness of 
instrumented nanoindentation to obtain the fundamental mechanical properties of materials has been widely 
demonstrated in the past years [9-13]. Such a technique has much broader application varying from understanding of 
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fundamental materials physics [14] to use as flexible mechanical probe [15]. It is fundamental, in such optics, to 
investigate the indentation fatigue behavior and relate the resulting data to conventional fatigue and crack evolution 
tests. In this way it will be possible to elaborate a conventional technique to obtain fatigue properties of materials 
from direct indentation tests. The last generation nanoindentation systems are equipped with a numerically 
controlled loading unit and a high resolution measurement system for measuring the indentation depth. The loads 
and the penetrating distances can be controlled. The loading-unloading process can be easily programmed to cyclic 
loading in different loads and deformation conditions. An extension of this technique is the multi-step indentation 
wherein the sample is loaded-unloaded at the same point with increasing or constant load/depth resulting in more 
rapid property evaluation. Multi-step indentation with increasing load, for example, can provide a rapid hardness 
measurement of the sample with increasing load along with corresponding microstructure evolution resulting from 
corresponding increased strains. However, limited application of this technique exists in literature [8, 16-19]. 
However it represents a strong independent characterization method since the tested volume of material is scaleable 
with respect to the microstructure. Actually, traditional fatigue tests require a large number of samples to completely 
characterize the dynamic behavior of metals and alloys. In addition it is impossible to observe the microstructural 
modifications due to cyclic loading variation in a sample to sample approach. Cyclic nanoindentation allows to test a 
material by employing very small samples by obtaining informations on fatigue and crack properties by using just 
one sample. 
If the specimen is loaded to a precise maximum load, unloaded and immediately reloaded a cyclic 
nanoindentation load curve can be obtained. The loading semi-cycle produces both elastic and plastic deformation in 
the indentation zone contour, while during unloading it can be observed a partial recovery of the elastic deformation. 
During cyclic loading through a nanoindenter it is possible to observe a steady state in the depth-cycle plot for a 
certain number of cycles and then an increase in the depth to another step by fixing the maximum indentation load, 
such material behavior can be related to fatigue and crack properties. Interesting data on polycrystalline copper 
cyclically tested by employing a flat cylindrical probe were presented in [20]. In addition it is possible to provide 
informations about strain hardening, strain rate sensitivity, hardness and yield properties coupled with fatigue and 
crack ones by employing the same equipment and then with the same potential error. Especially in nanostructured 
materials, the dislocation behavior is a strong function of grain structure, with very precise measurements very 
sensitive dislocation-microstructure interactions can be detected during the unloading-reloading nanoincentation 
fatigue. The aim of the present work is to examine the nanoscopic fatigue properties of nanostructured metals and 
alloys. Some definitive data are available in literature about the fatigue and crack behavior of nanostructured pure 
metals [8], the results obtained in the present study were compared with those previously obtained by conventional 
tests. The final goal of the present study is to establish a relationship between the fracture toughness and the cyclic 
indentation parameter such as maximum indentation load and depth variation.  
2. Experimental Procedure 
Due to the strong differences in the microstructural and mechanical properties as a function of the processing 
route for ufg and nanocrystalline metals [21], in the present study it was chosen to evaluate the mechanical behavior 
of electrodeposited materials. The nanocrystalline and ufg Ni and nc Co under investigation were produced via 
electrodeposition and supplied in the form of thin films 100 Pm thickness, for the mechanical properties 
comparison, ufg Ni was produced via the same route. The nc pure Co was supplied in the form of thin films 130 Pm
thickness. The nc Ni-W alloys under investigation were produced in the lab in 100 Pm thickness sheets. The 
materials microstructure was studied by TEM observations, the foils were mechanically polished up to a thickness 
of 40 nm and then twin jet polished in methanol+30 % HNO3 solution in dry ice at -60°, finally the specimens were 
polished by ion milling in liquid nitrogen for 2 hours. The observations were performed by employing a JEOL 
2011FX TEM. Single and multi-step indentations were performed on NanoTest600® (Micro Materials Ltd, 
Wrexham, UK). This is a pendulum-based depth-sensing system, having two separate heads for different load range 
(low load head for loads < 500mN and high load heads for loads 0.5 to 20N), thus offering a wide choice of loading 
conditions. For normal indentation experiment, a very small calibrated diamond probe is brought into contact with 
the sample surface, the load being applied by means of a coil and magnet located at the top of the pendulum. The 
resultant displacement of the probe into the surface is monitored with a sensitive parallel plate capacitive transducer 
and displayed in real time as a function of load. In the current study, single step indentations performed at 5 to 
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40mN loads were compared with multi-step indentations of 5 to 40mN in  5 mN steps. Tests were run at rates of 2 
mN/sec, 10 mN/sec and close to the maximum allowable rate of 30 mN/sec. The resulting load-depth responses 
were corrected taking into account the machine compliance, obtained in preliminary tests. For all the material, they 
were performed indentations with constant load at 5, 10, 20, 30 and 40 mN and the results were compared with 
multi step indentations performed in the same zone between 5 and 40 mN by increasing the indentation load of 5 
mN per step. In such paper cyclic indentations were performed in order to evaluate the crack behavior of ultra-fine 
and nanocrystalline materials. The type of loading was a sinusoidal wave form, for each test they were performed 
1000 loading-unloading cycles at different loads measuring the corresponding maximum indentation depth. The 
tests were performed at 5 and 10 mN maximum load for each indentation cycle measuring the corresponding 
indentation depth variation up to 1000 cycles. 
3. Results and discussion 
Nanoindentation has been widely used in the last years to obtain the static mechanical properties of 
nanocristalline materials, its very precise resolution in both displacement and load measurements promotes the 
employment of such technique both in dynamic properties characterization of nanostructured materials. The 
behavior under cyclic loading at nanoscale, was demonstrated to be very close to classical macroscopic fatigue 
behavior and can also be described by a power law in the investigated load range.  
Fig. 1. (a) nc Ni ; (b) ncNi-W alloy 
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In figures 1 they are shown the microstructures of the electrodeposited pure nichel. The TEM micrographs of the 
electrodeposited Ni showed mean grain size dimensions of 20 nm for the nanocrystalline Ni while 270 nm for the 
ufg material. The TEM micrographs of the electrodeposited pure Co showed mean grain size dimensions of 15 nm. 
For the nanocrystalline Ni-W alloys they were measured mean grain size of 20 and 90 nm respectively. 
In figure 2 it is possible to observe the hardness variation as a function of the indentation depth for all the studied 
materials, in addition they are plotted the different hardness-depth curves obtained from multi step nanoindentation 
experiments. For the same indented material it was observed that the difference between the unloading and 
reloading paths increase with the indentation load increasing; such behavior is a phenomenological demonstration of 
the materials hardening during deformation [19]. The multi-step curves behavior differs at the same load, in all the 
conditions a different slope can be recorded at the same load for the single or multi-step indentations. A 
displacement between the reloading path and the unloading one of the previous cycles can also be noted. In addition 
the measured hardness value varies by varying the maximum indentation load.  
Fig. 2. Hardness variation as a function of the indentation load for all the studied materials. 
Actually it is well known that in ultra fine grain materials plastic deformation is governed by intracrystalline 
phenomena such as dislocation slips while in nanocrystalline material the behavior is due to intercrystalline 
mechanisms such as grain boundary sliding and migration leading to nano-cracks formation coupled with 
dislocation emission from grain boundaries at a certain level of internal stress. For each material such behavior is 
related to the hardness-yield relationship giving a precise idea of the grain boundary structure effect on the 
macroscopic mechanical behavior. In figure 3 the hardness-yield strength plots for all the investigated metals are 
shown.
In figure 4 the indentation depth as a function of the indentation number of cycles for a maximum load of 5 and 
10 mN plots are shown. The plastic zone propagation can, in this way, be monitored. As a general behavior it is 
clear the increase in the indentation depth with the number of indentation cycles with differently long plateaus in the 
depth-cycles steady states. In addition the bigger is the number of cycles during a steady state, the slower the 
indentation depth propagation will be, such behavior is very similar to the one observed in conventional fatigue tests 
being also a good indicator of cyclic softening or hardening of materials. It can be observed a decrease in the 
displacement per cycle with the increasing of the cycles number, such aspect is due to the increase in the contact 
area with loading; in this way a power low can be obtained by plotting the total depth as a function of the loading 
cycles.
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Fig. 3. Hardness variation as a function of yield strength for all the studied materials. 
By considering the dependence of indentation depth on the number of cycles, it can be observed how there is no 
substantial modification of indentation depth behavior before the crack occurring. The increase of depth is a power 
function of the maximum stress depending also on the contact area influenced by the material pile-up. During 
unloading, the partial removal of the stresses leads to dislocation-dislocation interactions in nanograins. This could 
lead to work hardening of the nanostructured materials upon reloading.  It is possible to monitor the crack 
propagation by comparing the measured change in probe depth between two consecutive maximum loads; so a crack 
propagation leads to a depth increase between two consecutive cycles. From the plots it can be assumed that the 
consecutive loading-unloading cycles lead to residual stress accumulation that ends up to cracks propagation. The 
indentation cycle producing the crack is the last one before the depth increase. Such cycle can also be considered as 
a failure cycle in a traditional fatigue test. In figure 5 some examples of indentation steps for different number of 
cycles at 10 mN can be observed. It is possible to extrapolate from the experiments a large number of fatigue data, 
in figure 6 they are plotted the indentation depths as a function of the number of cycles for the cyclic 
nanoindentation experiments performed at 5 and 10 mN maximum load, the depths are taken at 50 % of the number 
of cycles in which the materials experienced constant indentation depth. The increase of depth is a power function of 
the maximum stress. The material behavior can be explained similarly to crack propagation, in static loading the 
plasticity surrounding the crack tip either blunts the crack or shields the crack tip from the external stress. While the 
situation is similar in the loading part of the cycle in fatigue loading, however upon unloading, the crack may be 
sharpened by retracting some dislocations into the crack. Alternatively, the shielding effect of the plastic zone may 
be reduced.  During cyclic loading the crack propagates during the unloading semi-cycle for the modes II and III 
while for Mode I the sharpened crack can propagate in the next loading cycle to compete with dislocation emission 
[22], as shown in figure 5. During static loading, plastic deformation shields the stress concentration, on the other 
hand, the unloading semi-cycle of cyclic indentation lets the dislocations to rearrange reducing the internal stresses 
so the next loading semi-cycle permits the stress concentration to emit more dislocations propagating in the plastic 
zone. Under such considerations, indentation fatigue has many similarities with crack propagation. In fact in 
conventional fatigue, crack propagation is followed by crack retardation or acceleration, depending on different 
factors such as residual stresses, crack closure, crack tip blunting, cyclic strain hardening, crack branching; the 
indenter can be in this way compared to the tip of the crack and its cyclic interaction with the material can be 
physically modeled and related to all such mechanical aspects [23]. After a certain number of cycles there is a 
balance between the dislocations emission and retraction which results in a steady-state propagation of indentation 
fatigue depth. The different reached steady states can be directly related to the increase in internal stresses and 
dislocation generation and movement. The dynamic loading leads to a dynamic process between the effective 
applied stress and internal stress which is similar to the dislocation generation and annihilation to the crack tip in 
convention crack propagation tests. The accumulation of plastic deformation during cyclic indentation leads to the 
nucleation and growth of cracks by increasing the number of cycles, at the same time, this influences the plastic 
zone proportionally to the maximum load (figure 6) and the development of plastic zone is directly related to the 
indentation depth propagation. Actually the indentation depth, especially at 10 mN maximum load results over 100 
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nm with a deformation volume interesting many grains and leading to a bulk plastic zone with respect to the 
material mean grain size.  
Fig. 4. (a) Indentation depth as a function of indentation cycles at 5mN; (b) Indentation depth as a function of indentation cycles at 10mN. 
The cracks propagate with the increase in the number of cycles, there is an increase of cracks close to the 
indentation zone and such cracks propagate faster as a consequence of the increase in the stress concentration factor.  
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Fig. 5. Indentation depth as a function of indentation cycles for electrodeposited Ni and Ni-W alloys. 
Actually, in nanoindentation experiments with Berkovich indenter the projected contact area is related to the 
indentation depth d by the following equation: 
A=24.56d2                                                                                                                                                      (1) 
Fig. 6. (a) Maximum indentation depth as a function of indentation cycles at 5mN; (b) Maximum indentation depth as a function of indentation 
cycles at 10mN. 
From the previous equation it can be obtained the equivalent radius a, it can be calculated the Kmax and the 'K
from the following equations:  
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Fig. 7. 'K vs. depth variation for all the studied materials. 
Kmax=Pmax/2a(Sa)1/2,'K='P/2a(Sa)1/2                                                                                                           (2) 
where Pmax is the maximum indentation load and 'P is the difference between the maximum and minimum 
indentation load [24]. Following such definition it can be related the fracture toughness to the propagation rate in 
terms of depth variation. In ductile materials the crack growth is dominated by 'K and the depth-'K behavior can 
be described by the following equation: 
da/dN=C'Kn                                                                                                                                                  (3)
Very similar to the description of crack length behavior in traditional fatigue crack growth tests: 
da/dN=C’'K’n                                                                                                                                                             (4) 
where C’, 'K’ and n’ are the correspondent values for crack growth rate classical curves. 
The mechanisms related to the evolution of indentation fatigue depth at constant indentation load is comparable 
to those experienced by the material in fatigue crack growth [24]. In figure 7 it is shown the 'K vs. depth variation 
for all the studied materials. Here the indentation depth behavior is the phenomenological description of the 
propagation of the plastic zone similar to the crack length variation in the conventional fatigue tests. During cyclic 
nanoindentation 'K is the driving force for the plastic zone propagation as a consequence of the stress concentration 
in the contact zone [25]. There is an increase in 'K with increasing depth variation rate for all the studied materials 
and all the maximum load employed during the present nanoindentation experiments. In addition it can be observed 
a decrease in the nanoindentation fatigue depth propagation rate with increasing the number of nanoindentation 
cycles. For comparison they were related the n and n’ values obtained in nanoindentation fatigue and crack growth 
rate tests on nanostructured metals obtained in previous experiments [8]. An impressive similar behavior was 
observed from the comparison as it is shown in figure 8.        
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4. Conclusions 
Nanoindentation fatigue experiments can provide very useful informations on plastic zone propagation, cyclic 
hardening, crack nucleation and growth in nanostructured materials. The material behavior can be explained 
similarly to crack propagation, in static loading the plasticity surrounding the crack tip either blunts the crack or 
shields the crack tip from the external stress. The dynamic loading leads to a dynamic process between the effective 
applied stress and internal stress which is similar to the dislocation generation and annihilation to the crack tip in 
convention crack propagation tests. The accumulation of plastic deformation during cyclic indentation leads to the 
nucleation and growth of cracks by increasing the number of cycles. The mechanisms related to the evolution of 
indentation fatigue depth at constant indentation load is comparable to those experienced by the material in fatigue 
crack growth.   
Fig. 8. Comparison of n and n’ coefficients belonging  to the performed experiments. 
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